II. Identification of a novel class of melanosomes associated with iridescent color
Iridescent colors in birds are produced through coherent light scattering from organized arrays of melanosomes in a keratin matrix in feather barbules (1, 15) . Light is constructively scattered by laminar or crystal-like arrays, consisting of alternating layers of materials with different refractive indexes, namely keratin, melanin and sometimes air. Although all iridescent plumage colors are produced by the same underlying processes, considerable variation exists in the structure and arrangement of the alternating layers of keratin and melanin, and, consequently, in the appearance of these different colors. Some iridescent melanosomes are entirely unique and easily recognizable (e.g. hollow disks in hummingbirds (2) but in most cases they appear similar to those of black and grey feathers (2) . Thus, we sampled melanosomes from a diverse range of iridescent feathers (35 samples total, see Additional Data Table S1 ), to determine if these latter cases were distinct in a consistent way. We added these samples, as well as additional samples from black, brown and grey and black-brown penguin feathers to our existing database (7, 12) , for a total sample size of 168. These samples covered all avian orders except one (Phaethontidae), providing excellent phylogenetic diversity (see Additional Data Table  S1 ).
All feather samples were taken from the University of Akron ornithological collection, the Yale Peabody Museum and the Zoological Museum of Copenhagen. We obtained data on melanosome morphology from these samples as previously described (7, 12) . First, feathers were embedded in Epon by trimming barbs and barbules from the central rachis, dehydrated using 100% ethanol (20 min.) twice, and infiltrated with 15, 50, 70 and 100% Epon (24 h each step). Infiltrated barbs were then placed in block molds and polymerized at 60º C for 16 hours. We then cut thick (5 µm) longitudinal sections of blocks on a Leica UC-6 ultramicrotome, mounted them on stubs with carbon tape, sputter-coated them with silver and viewed them on a JEOL JSM7401F SEM.
We used the image-processing program ImageJ (available for download at http://rsbweb.nih.gov/ij/) for analysis of SEM and TEM images. We measured maximum linear short and long axis length of melanosomes that were oriented perpendicular to line of sight. From these data we calculated mean and coefficient of variation (CV) of long and short axis, and mean aspect ratio (long:short axis). These ratios are an index of shape, and values close to 1 indicate sphericity and values farther from 1 indicate cylindricity. The distribution of melanosome morphology within feathers was frequently skewed towards one type of morphology, therefore we also calculated the skewness of long and short axis. Finally, we calculated density of melanosomes as total number of melanosomes divided by the total surface area represented in each image analyzed. We collected all data from both barbs and barbules of each extant feather.
We collected morphological data from SEM images of Microraptor feathers in the same manner as the extant bird feathers. Small samples of BMNHC PH881 feather impressions from the tail feather fan (sample numbers 1,2,10,13,14), hind limb (4, 15, 16, 17) , forelimb (3, 7, 8, 9, 11, 12, 18, 19, 20) and neck region (6) . The samples were coated with gold (30 seconds) and studied with a Philips XL 30 environmental scanning electron microscope (situated at Yale University, Dept of Geology and Geophysics) at 10kV voltage, high vacuum and a 10 mm working distance. Morphological measurements from these imprints were assembled in the same manner as the modern feathers. These data are summarized in Table 1 . All melanosomes were preserved as impressions, and hence additional analyses comparing the two previously observed preservation types (3D preservation vs. impressions (12) were not performed. Melanosomes from the Microraptor specimen were within the range of extant melanosomes, and most similar to those from iridescent feathers (Fig. 1, Table 1 ). This similarity can be seen most clearly in the canonical discriminant analysis (Table S1 , Fig.  1 ) and in Table 1 .
We used a quadratic canonical discriminant analysis to estimate color of the fossil feathers. This standard method identifies the combination of variables that best separates two or more classes of objects (in this case, melanosomes from the different categories of feathers) (38) . Using data from training points, the classifying variables are loaded onto factors that are then used to estimate categories, and the probability of correct classification, of unknowns. We used a quadratic rather than linear discriminant analysis because some variables showed evidence of collinearity (38) . We used a forward stepwise method to choose variables that contributed significantly (p<0.05) to the analysis and to eliminate those that did not. The variables retained for use in the analysis were aspect ratio (p<0.001), melanosome long axis (p<0.001), melanosome short axis (p<0.001), melanosome long axis variation (p<0.001), melanosome short axis variation (p=0.001), and aspect ratio skew (p=0.001). The discriminant function as a whole was highly significant (Pillai's trace, F 24,640 =15.06, p<0.001). Canonical axis 1 explained the majority of the variation in the dataset, was highly correlated with the classes and was most strongly positively associated with aspect ratio (Table S1 ). Canonical axis 2 explained most of the remainder of the variation, was also highly correlated with the classes and was most strongly positively associated with melanosome length. Canonical axis 3 explained the remainder of the variation and was most strongly associated with melanosome short axis variation and aspect ratio skew.
Data from the Microraptor specimen clustered with modern black and iridescent feathers ( Fig. 1) . Accordingly, when we used the parameters from the analysis of this training set to estimate the colors of fossil feathers, Microraptor feathers were classified as black or iridescent with varying probabilities (Fig. 2 , Table S2 ).
III. Identification of BMNHC PH881 as Microraptor and description of the specimen
Specimen BMNHC PH881 was recovered from the Early Cretaceous Jiufotang Formation of Lamadong, Jianchang County, in western Liaoning Province, PRC. It is approximately 54 cm in length from the tip of the rostrum to the terminus of the tail feathering. BMNHC PH881 is a nearly complete and articulated skeleton in a single slab with well-preserved evidence of tail, fore-and hind limb feathering ( Fig. 2-4 , Fig. S3-7 ). While most parts of the skull are also well preserved, the temporal region and braincase are shattered and provide little information. BMNHC PH881 is referred to Microraptor based on the following diagnostic characters (39, 49) : teeth only serrated on posterior carinae; posterior teeth with a basal constriction between crown and root, manual phalanx III-3 less than one third as thick as manual phalanx II-2; presence of a pendant accessory crest at the base of the lesser trochanter on the femur; pedal phalanges III-1 and IV-1 much more robust than the corresponding phalanges on the same digits.
Microraptor as used in the present paper refers to a single species, Microraptor zhaoianus pending a detailed revision of the taxon taking into account potential ontogenetic data (e.g., from histological data). The holotype specimen of Microraptor zhaoianus (IVPP 12330), also from the Jiufotang Formation of western Liaoning, was first reported by (39) . However, a second species, Microraptor gui, was later recognized (9) . More recently, this species has been proposed be a synonym of the earlier named Microraptor zhaoianus (40) , and a single Microraptor zhaoianus terminal has been used in most recent analyses of paravian relationships (e.g., 10, 11). but further revision may be undertaken in the future. More recent analyses with increased taxonomic sampling suggest Microraptor is one of several taxa basal within Dromaeosauridae but that it may not be the most basal part of that clade (e.g., 10, 11).
We provide a description of the specimen here to support our taxonomic assessment. Comparisons were made with previously reported specimens. Xu et al. (39) included a description of the Microraptor zhaoianus holotype, but this specimen lacks most of the skull, manus, as well as parts of the pectoral girdle. Hwang et al. (41) described two other specimens of Microraptor (CAGS 20-7-004 and CAGS 20-8-001) giving a detailed description of the lower jaw and the postcranial skeleton. Further details of the anatomy of Microraptor were given at the description of the holotype of Microraptor gui and specimens referred to Microraptor sp. (9) . In size the new specimen (Table S3) is much closer to the Microraptor zhaoianus holotype (39) .
BMNHC PH881 has a sub-triangular skull, much like the profile of Archaeopteryx and basal troodontids (42) . The length of the skull is 5.59 cm and the height of the skull is 2.24 cm. The anterior tip of the premaxilla is blunt, where the anterior edge forms a right angle with the ventral edge, similar to Bambiraptor and Sinovenator (43, 44) . The premaxilla bears four lancet-shaped teeth that are more closely packed than those in many other dromaeosaurids like Sinornithosaurus (45) but are more loosely packed than in troodontids. Thirteen tooth positions are estimated on the right maxilla. The maxillary teeth are relatively large, and bear simple serrations on the posterior carina like Sinornithosaurus and some troodontids, but different from most other dromaeosaurids, whose teeth are serrated on both carinae (45, 46) . The jugal expands laterally at the base of the postorbital process, forming a small jugal boss. The postorbital process is vertically orientated, more robust than the ventral process of the lacrimal and excludes the postorbital from forming the anterior margin of the lower temporal fenestra. The posterior process of the jugal is short. Six dentary teeth are exposed on the right dentary, but more should be buried beneath the right maxilla. Estimated 12 dentary tooth positions are estimated on each side. The shape of the dentary teeth is similar to the premaxillary and the maxillary teeth. The anterior teeth are more closely packed compared with the maxillary teeth. The ventral margin of the dentary is convex, typical of dromaeosaurids such as Sinornithosaurus and Velociraptor (45, 47) .
Ten cervical vertebrae are present, as in other dromaeosaurids (47, 48) . Gastralia have been reported in both the holotype and CAGS 20-7-004 (39, 41) but they are much better preserved in BMNHC PH881. Both lateral and medial segments of the gastralia are present; the medial segments are shorter than the corresponding lateral segments, as observed in Sinornithosaurus and Velociraptor (45, 47) . The morphology of the pectoral and pelvic girdles and limb elements is consistent with detailed descriptions in other monographs (39, 9, 41, 49) with the exception of an oval shaped foramen present in the deltopectoral crest of the humerus in BMNHC PH881. A similar structure has also been observed in one specimen referred to Microraptor zhaoianus CAGS 20-8-001 (e.g., 41: Fig. 20 ) but has not been previously reported to our knowledge.
IV. Description of feathering in BMNHC PH881
Primary feathers associated with the right and left forewing are preserved (Fig. S3) . The left wing is extended but preserved under the thoracic elements with the left primaries extending under the right leg. The right wing is flexed, and both primaries and the secondaries are visible on this side (Fig. S3) . The length and morphology of tarsometatarsal feathering associated with the left hind limb are preserved (Fig. S4) . Tail feathering and the profile of the tail feather fan are also clearly exposed (Fig. 3) . No information on head feathering is preserved with the exception of small tuft of feathers near the base of the skull, interpreted as part of the upper neck feathering (Fig. 2) .
Approximately twelve primaries have been estimated for Microraptor based on other specimens (10) . Approximately 9 primaries are distinguishable in BMNHC PH881 (Fig.  S3, left) and may support a slightly lower estimate. Preparation of the tips of the primaries of the right wing is somewhat limited making them appear slightly narrow artificially. Distal primary diameter is more accurately represented in the left distal wing exposed under the right hind limb (Fig. 2, Fig. S3 ). As best exposed in the right wing, however, the proximal-most two primaries are short; they are just slightly longer than the secondaries (Fig. 2, 4, S3: left) . Similarly, the two leading edge primaries are also short, as seen exposed in IVPP V 13352 (Fig. S5) . Five mid-series primaries are significantly more elongate and sub-equal in length as shown in both BMNHC PH881 and IVPP V 13352. At least one primary adjacent to the two short leading edge primaries that also appears slightly more abbreviate than the succeeding, or more proximal, primaries. This arrangement would confer a slight curvature to particularly the leading edge of the wing.
The secondaries are a little over half the length of the elongate, mid-series primaries and approach 60% of the most elongate of these primaries (Fig. S3) . In IVPP V 13352 slight traces of several forewing covert feathers are distinguishable that are associated with the secondaries (Fig. S5) . In BMNHC PH881, the tips of several apparent dorsal wing coverts also are visible associated with the primaries of the right wing.
Most of the upper leg (tibial) feathering in BMNHC PH881is obscured by preparation associated with the elements of the pelvic girdle and limb as well as feather impressions from other parts of the body. Although this feathering is partially exposed on the left side, few details can be discerned (Fig. 2) . Specimen LPM-0200, however, shows that these feathers approached 1.7 times the length of the femur (Fig. S7) .
No feathering is preserved associated with the pedal digits in BMNHC PH881 (Fig. 2) or other reported Microraptor specimens (Fig. S7) . Only IVPP V 13352 preserves several short feathers associated with the posterior margin of the distal tip of the tarsometatarsus. However, none are visible associated with the pedal digits. By contrast, in Anchiornis, feathered digits are conspicuous in both referred specimens (7, 50) . Elongate pinnate tarsometatarsal feathers are associated with the left foot. On the right side they are not visible and appear to be unprepared. As in other Microraptor specimens (e.g., IVPP V 13352) these feathers approach the length of the forewing primaries (are approximately 80% their length) and are similarly asymmetrically vaned. The latter morphology is particularly well-exposed in BMNHC PH881 (Fig. 2, Fig. S4 ). Shorter dorsal covert feathers are visible associated with the left tarsometatarsus of BMNHC PH881.
Although the exact number of feathers involved in the tail fan is impossible to determine in BMNHC PH881, there appear to be approximately 8-12 paired sets based on comparison of the new specimen (Figs. S5, S6) , IVPP V 13352, and the illustration of TNP0096 (9: Fig. 3 ). The most elongate feathers exposed in BMNHC PH881 are the last set and are approximately 114 mm in length. None of the tail feathers in BMNHC PH881 appear to be asymmetrically vaned.
V. Reconstruction of feathering in Microraptor:
BMNHC PH881 was compared to the following 8 specimens preserving evidence of integument in Microraptor: IVPP V13352, IVPP V13477, IVPP V12330, IVPP V13476, IVPP V12727, IVPP V13320, LPM 0200 and TPN0096. Each forelimb, hind limb, and tail feather as well as their associated points of origin were traced from high resolution images acquired by one of us (M. Ellison). The tracings were scanned, resized (scaled) and positioned for overlay. Given that individual specimen overall sizes varied, each was scaled to the same size primarily using the length of the metatarsals, the most complete preserved elements among specimens; skeletal elements were similarly proportioned among specimens. The same methodology and specimen set were utilized for the forewing. Skeletal elements were also discovered to be similarly proportioned among surveyed specimens. Figure S7 illustrates the general methodology for the hind limb feathering reconstruction. The same methodology and specimen set were utilized for the forewing. However, in this case two specimens with the best-preserved evidence of forewing feathering (IVPP V 13352 [ Fig. S6 ] and BMNHC PH881 [ Fig. S3 ]) in fact contributed most of the data available for the reconstruction. Limited data from additional specimens were checked against overlays from these two specimens. While there is evidence from both specimens relevant to the wing outline, feather number as well as primary and secondary feather morphology (see comments in the description of BMNHC PH881 above; Figs. S3, S8) data on the organization of covert feathers into one or several rows over the secondaries and primaries are limited (Figs. S3, S8) . Reconstruction of multiple, well-organized tiers of these feathers is considered more hypothetical than other aspects of Microraptor feathering.
Feathers on the skull previously interpreted as indicative of a loose crest in Microraptor (11) are more consistent with the slightly more elongate contour feathers typical in this region in extant Aves without a crest (Fig. S9) .
In the case of the tail, tracings were made from BMNHC PH881 (Fig. S5) , IVPP V 13352 as well as the illustration of the tail from TPN00996 in S17 (Fig. S6) ; these data agreed closely on tail feather shape, fan diameter, length along the caudal series, and organization. (See description in the main text and above). (Fig. 2, 4) . The new specimen supports distal tail feathering distinctive from all previous reconstructions. 9) . Arrows indicate the pair of elongate feathers reported from the new specimen and subsequently recognized in these previously described specimens. 
